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OF DYCONEL 700 BUCRE;Ts AT 16B0 F IN A 533-9 TlTIzBoJEEc W G m  

BY C -  A.  Gyorgak, D. F. Springsteen, and J. R. Johnston 
.. - . 

An investigation was undertaken t o  determine the effects of forging 
temperatures and solution treatments on the engine performance of Inconel 
700 buckets. The buckets were evaluated i n  a J33-9 turbojet  engine 
operated a t  a bucket material  temperature of l625O F i n  20-minute cycles, 
E minutes a t   r a t e d  speed (11,500 rpm) and Etpproamateu 5 minutes a t  
i d l e  (4000 rpm) . The results of  the investigation show that  Inconel 700 
buckets are  capable of operatlag for  more than 450 hours at rated speed. 
Tbe best performance was obtained when a high forgfng temperature (22%' F) 
and a  high  solution-treating  temperature (22750 P) were  employed.. 

INTRODUCTION 

The Ugh-performance turbojet engFnes required f o r  future sqersonic 
planes have stimulated the development of new high-strength materials 
that are  capable of operating a t  increased  temperatures. One of the more 
recently  introduced  materials  that *pears capable of operating a t  high 
temperatures i s  Inconel 700. 

This material, which is an age-hardenable  nickel-base alloy  containing 
titanium and aluminum, was developed f o r  turbine rotor blades ("buckets") 
i n  the l6OO0 t o  1650° F temperature  range.  Manufacturer's data indicate 
that the stress-rupture life of Inconel 700 a t  16W0 F varies with the 
heat  treatment and that the b e s t   l i f e  I s  obtained when the  material i s  
solution-treated at 2280° P or  above, depending upon the aging  temperature 
used (fig.  1) . The data also show that a double aging treatment  ylelds 
a better  stress-rupture Ufe than a single aging treatment when the  alloy 
is solution-treated above 2200' F. Eowever, solution-treating  teruperatures 
above 2100° F greatly increase the g r a b  size  (fig. I), and such increase 
is considered  undesirable  by some manufacturers of gas  turbines. 

Since  Inconel 700 is a new bucket alloy, a program was undertaken t o  
determine the  effects  o f  the variables of forging  teqeratures  and heat 
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treatments on the  l i f e  o M h e  buckets in a full-scale engine a t  a bucket 
material temperature of 16B0 F. 

The Inconel 700 buckets were forged from a single heat of material 
and w e r e  fabricated by  one manufacturer. The buckets were evaluated i n  
a 533-9 engine  operated in repet i t ive 20-minute cycles, l!5 minut-es a t  
rat-& speed (11,500 rpm) and approldmately 5 minutes at idle  (4000 rpm) . 
A t  rated speed, a temperature of 16Zo F was maintained in   t he  bucket air- 
f o i l s  a t  a point 2.3 inches above the base-plat-form, the point where the 
combined effects  of  centrtf'ugal  stress and temperature were-determined t o  
be most c r i t i ca l .  The s t ress-rupture   l i fe   for   the bucket material was 
determined with specimens machined  from the   a i r fo i l s .  Metallographic 
s tudies  w e r e  made of both new and operated  buckets. 

MATERIAL, APPARATUS, AND PROCEDURE 

Turbine Buckets 

A single  heat of  Inconel 700 alloy with the  following composition. 
was forged  into  the buckets used i n  .%Us investigation: 

- 
W e i g h t ,  percent . . 

Mi 
0.007 0.02 0.08 0.10 0.20 0.58 2.18  2.93 2.76 14.76 28.42 47.94 
S Cu Mn C Si Fe T i  Al Mo C r  Co 

The forging temperatures agd heat treatments are shown in  table  I. 

A f t e r  heat  treatment  by the manufacturer and before engine  operation, 
the buckets were subjected t o  radiographic and fluorescent post-emulsion 
o i l  penetrant (PE zyglo) examinations.for internal and external  defects. 
A l l  buckets  passed  both  irmpections. The buckets .used i n  the performance 
test w e r e  examined periodically  for  surface  defects and cracke with the 
PE zyglo. Buckets that exhibited excessive  cracks  or damage  were  removed 
from the  engine. ." . . . .  - " .  .. . . .. 

Stress and terqeerature distributions  in  buckets during engine  oper- 
ation. - The centrifugai-stress  distribution in the  turbine  buckets ror 
rated-speed  operation-was determined  by a graphical method that u t i l i ze s  
bucket- geometry, density,  radius of rotation, and angular velocity. The 
resu l t s  of these  calculations  are shown in   f igure  2. 

The temperatwe distribution along the span of the bucket airfoil at 
midchord was determined during the i n i t i a l  stages of operation  using four 
therumcoupled S-816 turbine  buckets placed 90° apart in th-rotor disk. 
Once the temperature distribution was determined, the temperature a t  the 
midspan o f  the  buckets w m  periodically  verified with two thermcoupled 
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buckets  placed 180° apart. The midspan tempera-he was mafntained  by 
controlling  the  temperature of the exhaust gases. A l l  temperatures were 
recorded on a fast-action  electronic  potentiometer. The average tempera- 
ture dis t r ibut ion in  the bucketa  during  rated-speed  operation i s  also 
shown in  f igure 2. 

Predicted  bucket l i f e  based on stress-rupture  considerations. - By 
using  the  stress- and temperature-distrXbution data determined for  the 
buckets ( f ig .  2) i n .  conjunction with stress-rupture  values  for the 
material, it i s  possible t o  approximate the l ife expectancy of  a bucket 
mater ia l   in  an engine i f  the sole cause of  f a i l u r e   i s  assumed t o  be the 
conibination of  centrifugal stress and temperature.  Predicted l i ves  f o r  
two lo t s  of Inconel 700 buckets (Lots 2 and 6, table I) were determined 
and are  presented  in  f igure 3. Predicted-life  curves were not determined 
f o r  the remaining l o t s  of material because of lack of re l iable   s t ress-  
rupture data f o r  those  specific  conditions of heat treatment. The curves 
o f  figure 3 w e r e  obtained by interpolating between isothermals of the manu- 
f 'acturer*s  stress-rupture  data f o r  the s t ress  and temperature  conditions 
existing at incremental  distances along the span of the buckets. The 
data show that the m i n i m u m  expected l i f e  of  a l o t  2 bucket is 430 hours, 
and the m i n i m u m  expected l i f e  of a l o t  6 bucket i s  960 hours.  Since the 
mimum i s  a t  2.3 inches above the base platform, it would be expected 
that failures should  occur in a region near t h i s  point. This region i s  
considered  the  critical zone. Experience has shown that factors  other 
than  stress-rupture, such as vibrational stress, thermal shock, and 
corrosion,  decrease  the l i fe  expectancy of the  buckets a d  may cause 
fai lure   outs ide the c r i t i c a l  zone ( re f .  1). 

Ehgine Operation 

The buckets  selected  for  engine  evaluation w e r e  operated i n  a 533-9 
engine in  cycles of 20-minute duration, 15 minutes a t  rated speed ( I 4 5 0 0  
r p m )  and approximately 5 minutes a t  i d l e  speed (4000 rpm) . During rated- 
speed  operation, the midspan bucket temperature was measured with -t;wO 
buckets  having thermocouples mounted i n   t h e  midchord section, 2 inches 
above the  base. The electromotive  force of the thermocouples was trans- 
mitted from the  buckets through a system of s l i p  r i n g s  attached  to the 
drive shaft of the  engine t o  a recording  instrument a8 described i n  
reference 2. The times of failure  reported herein refer t o  the cumulative 
time at rated speed only. 

w i n e  operation was interrupted t o  inspect buckets, to  replace 
fai led buckets, and t o  perform normal maintenance at the end of each work 
day. A 533-9 engine, md i f i ed   t o  permit  operation a t  a bucket tempera- 
ture of l625O F, was used f o r  t h i s   t e s t .  Three percent of the compres- 
sor air was bled o f f  t o  minimize the  posaibi l i ty  of encounterfng compressor 
s t a l l  at rated speed while operating a t  the elevated  temperature. (Normal 
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bucket  operating  temperature i s  1500' F.) The test was terminated after 
447.5 hours  of  rated-speed.operatIon  because of Lack of bucket  replacements 
capable of operating at 1625O F. " 

h 

Bucket-Elangation Measurements 

Half-inch gage lengths for elongation measurements, as shown i n  figure 
4, were scribed on the suction (convex) side of 12 buckets.  Elongation 
readings were taken a t  frequent.intervals during necessary  engine  shut- IP 

downs. The elongation of each scribed segment was m e a s u r e d  with  an  optical 
extensometer  having a sensi t ivi ty  of 0.0001inch. Eowever, accuracy of the 
elongation measurements was influenced  by the degree of bucket  oxidation, 
distortion, and  warpage.  The maximum error i n  an  elongation readiw 
wae a f t h e  order of 0.001 inch, which is equivalent t o   s . 2 -pe rcen t -  
elongation. 

N s 

Macro- and Micro-Examination of Buckets 

Macro-examination of buckets. - Two new buckets of each of  the six 
lots l isted i n  table  3 were macroetched to.revea1  grain  structure and 
flow lines. All buckets thdxrere operated w e r e  macro-examined after 
removal from the engine t o  determine their failure mechanisms. * 

A bucket was considered failed when actual  fracture occurred or  when 
the bucket was cracked o r  damaged so severely that fracture was imminent. .1 

Fractured  buckets w e r e  classified according t o  the mechanism that caused 
failure ae  follows: 

" 

(1) Stress-rupture: Bucket failure occurred  by  cracking  wfthin the 
a i r f o i l  or by fracturing i n  an irregular, jagged, intercrystall ine path. 
Other similaz crack6 sometimes occurred near the or igin of the main 
fracture. 

( 2 )  Stress-rupture followed  by fatigue: Bucket -ilures appeared t o  
be caused by a conkination oftwo mechanism, stress-rupture and fatigue. 
The fracture surface consisted of a small area having characteristics  of 
stress-rupture and a larger area  with  fatigue  characteristice. A further 
cr i ter ion was the appearance  of  secondary stress-rupture cracks near the 
nucleation si te of the main crack. 

(3) Damage: Buckets showing nicks  or   dents   in   the  a i r foi l   that  
might possibly  Init iate  fracture w e r e  not considered in  the analysis of 
the data,  since  they do not yield a t rue   hd ica t ion  of' material properties. 

A basic   diff icul ty   in  defining the failure mechagsm from the  appear- . 
ante of the  fracture  surface  alone i s  that the effect  of superimposed 



. 
fatigue damage i s  not always evident. In  many cases, the fracture  surface 
of the specimens showed no evidence of fatigue damage, although  reduction 
i n  l i fe  was caused by the superimposed vibratory  loads  (ref. 1). 

Micro-examination  of buckets. - Metallographic specimens of  airfoil 
chord sections w e r e  taken from the new buckets as shown in   f igure  5. 
Two buckets  of each l o t  w e r e  examined. In addition,  metallo&aphic 
studies w e r e  made of the first and last bucket failures of each l o t .  
TKO specimens w e r e  taken from each of  these  buckets, the f irst  containing 
the fracture  region and the second the chord section o f  the region immedi- 
a te ly  below the fracture. 

The specimens w e r e  electrolytically  etched  in a solution  containing 
40 percent  hydrochloric  acid, 10 percent ni t r ic  acid, and 50 percent w a t e r .  
Grain  aize w&s determined by using ASTM grids with photomicrographs taken 
a t  LOO times  magnification. 

Hardness measurements. - Hardness measurements w e r e  made on the 
metallographic specimens (the chorduise moss sections of buckets shown 
i n  f i g .  5 ) .  The hardness  readings far the  different l o t s  of buckets 
were coqared. 

Stress-rupture tests. - Four stress-rupture specimens, machined f r o m  
the a i r f o i l s  of two buckets, w e r e  tes ted  for  each l o t  of lnaterial. Figure 
5 shows the  locat ion  in  the a i r f o i l s  from wplich specimens were cut. The 
stress-rupture tests w e r e  conducted at 16000 F under constant-load  condi- 
t ions that produced nominal initial stresses of 30,000, 25,000, and 
20,000 ps i .  

Performance of Buckets 

The resu l t s  of the engine evaluation show that heat-treated Inconel 
700 buckets can operate  several hundred hours a t  a bucket temperature of 
1625O F ( i n  the c r i t i c a l  zone). A coqarison o f  engine performance of 
t he   s ix   l o t s  of Inconel 700 i s  presented in figure 6 and i n  table II. 

B e s t  performance was obtained from the   l o t  6 buckets.  Eighty-nine 
percent (8 out  of 9) of these buckets were still usable w h e n  the test 
w a s  discontinued after 447.5 hours of rated-speed  operation. The only 
f a i l u r e   i n   t h i s   l o t  occurred after 105 hours and probably was not 
representative of the l o t .  

Good performance also was obtained from the l o t  4 buckets. When the 
tes t  was terminated, 42 percent (5 out  of 12) of these buckets were s t i l l  
good. The first of the seven  fatlures of this lot was a-damage-induced 
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failure and could  not  be msidered normal. The first normal failure 
occurred a t245 hours. 

The buckets  of l o t  5 had operated a fa i r  length of t i m e  before the 
first- failure,  which occurred a t  195 hours. D u r i n g  the  next 85 hours 
of operation  the remaining buckets of this l o t  failed. -'- 

Most of  the  bucket failures of  lots 2 and 3 occurred at around 100 
hours. One bucket  of l o t  3 and two bucket6  o f  l o t  2 operated  for  several 
hundred additional hours, one bucket  of Lot 2 still remaining at  the c 
termination  of the test .  A l l  the  buckets  of l o t  I either failed or  were 

co 
4 
P 

i n  danger of imminent fa i lure  by 70 hours of operation. 

Bucket elongation  during  operation. - Elongation of the buckets of 
each l o t  of Inconel 700 was negugible, as can be seen .in table I=. Por 
a l l  groups  except 1 and 5, measwed elongations  for almost a l l  of the 
buckets were smaller than  the m a x i m u m  allowable e r r o r  of the method used 
( ~ 0 . 2  percent). The as-forged and aged groups 1 and 5 had ebngations 
of about 1 percent and 0.6 percent,  respectively. 

Stress-rupture  tests.  - The results of the  s t ress-rupture   tes ts   a t  
1600° F on specimens taken f'rom bucket a i r f o i l s  are presented in table IV. 
Durin@;  seven of the  test=,  excessive grip deformation wa6 encountered; 
this was troublesome in that it superimposed a bending moment on the 
tensile  load. The deformation  caused either premature failure  or  slippage 
of  the specimens from the grips. Duplica&-tests could not be run because 
of a lack  of material. - 

. 

Although some of the  stress-rupturedata  obtained f ' m m  a i r f o i l  speci- 
mens were questionable, the remaining data compare favorably with the 
manufacturer's data, a s  shown i n  figure 7 .  It i s  interestin@;  to  note t h a e  
one  specimen f'rom the lot-6  buckets had a.stress-rupture l i f e  of nearly 
1409 hours when stressed at 20,000 p s i a t  X 0 O o  F. ."his stress is corn-. 
parable t o  that encountered in the c r i t i c a l  zone o f t h e  buckets durFng 
rated-speed  operation, and the  temperature is within 25O F of the  tempera- 
ture i n  the cr i t ical   zone-of  the bucket. . .  

Hardness 

The resu l t s  of the Rochel l  A hardness. measurement on airfoi l   sect ions 
of six lots of Inconel 700 alloy are presented in table  V along w i t h  
equivalent Rockwell C hardness readings. The hardness values  for  the 8s- 
forged and aged buckets (lots 1 and 5) a re  greater than those of the 
solution-treated an& aged buckets ( l o t s  2, 3, 4, and 6) . This re lat ion 
of hardness values is approximtely maintained during engine operation. . 
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Macro- and Micro-Examination of New Buckets 

c 

The macrograin sizes of the  various  lots of buckets  are shown i n  
figure 8. The macrograin sizes were relat ively uniform within each 
bucket. The grain  sizes of  l o t s  of the solution-treated and aged buckets 
were sl ightly  larger  than  those  in the buckets that w e r e  not solution- 
treated. The grain measurements taken on microsections. showed that the  
ASTM grain  sizes ranged f r o m  5 t o  6 f o r  the as-forged and  aged 
(non-solution-treated) l o t  1 buckets t o  -2 t o  1 f o r  the  solution-treated 
l o t  6 buckets, a s  shown i n   t a b l e  V I  and figure 9. Elongated grains, 
indicating the presence of cold-working, w e r e  detected i n  the two lots 
of buckets (1 and 5) that were not  solution-treated. 

The typical  microstructures of the s ix  l o t s  of buckets  are shown i n  
figure 10. The photomicrographs do not show the  matrix  precipitates that 
are of ten   v i s ib le   in  an age-hardenable alloy. In a l l  probability the 
precipitates are too f ine  ( o r  coherent) t o  be resolved  optically. (Long- 
time  aging i n  a furnace o r  operating the buckete i n  an engine will cause 
the  precipi ta tes   to  -ow and become readily visible,   as will be shown 
later.) The larger minor-phase particles  present in these  microstructures 
have been identifled as titanium  carbonitride !Ti( C,N) ( re f .  3) . 

While the  structures shown in   f igure  10 are typical, there w e r e  
i solated regions  within buckets that differed. Examples of these micro- 
structures are presented i n  figure 11. Figures ll(a) and (b) show s l ip l ine  
Precipitates  present  in the leading and trailing edges of buckets that 
were forged and aged o n l y  (not  solution-treated) . Various  degrees of 
grain-boundary precipitation in the buckets of all lots  are  presented in 
f igure  l l (c) .   Precipi ta t ion of the magnitude shown i n   t h e  l o w e r  part of 
figure 11( c) was very rare.  The development of void formation at the 
interface between t i t a n i u m  carbonitride and the  matrix i n  the buckets 
that were solution-treated  at  2275' F can be seen in figure l l ( d )  . Figure 
11( e) shows a region with sawtooth grain boundaries. 

Macro- and Micro-Examination of FailedBuckets 

Macro-examination of failed buckets  revealed  that  failures  occurred 
by several  different mechanisms - stress-rupture,  stress-rupture followed 
by fatigue, and damage.  The classif icat ion of failure mechanisms a s  
determined visually i s  reported in table I1 and figure 6. 

Most of the  fa i lures  in l o t s  1, 2, 3, and 4 were stress-rupture 
failures.   Practically a l l  of the l o t  1 buckets were removed from the 
engine a f t e r  69 hours  because intergrmuhr  (stress-rupture) c r a c k s  were 
present that probably would have caused failure. The stress-rupture- 
followed-by-fatigue fractures were detected only in lot 5. Ekcluding 
damage failures,  36 bucket fa i lures  occurred  during the  investigation. 
Thirty of these  buckets had failure  origins  outside the region  considered 
the c r i t i c a l  zone. 
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The micro-examination of the  failed  buckets  revealed that appreciable r_ 

precipitation occurred in  the  alloy  during engine  operation. An example 
o f the   t yp ica l   p rec ip i t a t ion  i s  presented in   f igure 12. Occasionally, 
agglomeration of grecipitates  occurred in  locallzed  sections  of  buckete. 
An example of the precipitate agglomeration is shown i n   f i gu re  13. 

The microstructural  studies  also  revealed that a l l  operated  buckets 
exhibited various degrees of surface  depletion that appeared t o  be related 
t o  the operating  time. An example of a depletion zon-is shown i n   f i gu re  
14(a). Occasionally,  needle-like  structures (possibly chromium ni t r ides)  $ 
w e r e  noted in  the depletion zones, as shown i n  figure 14(b).  s 

DISCUSSION OF RESULTS 

Performance of Different Groups of Buckets 

The resu l t s  of the englne evaluationsf the different groups of 
buckets show that both t h e  forging teqerature and the solution-treating 
temperature significantly influence bucket performance. O f  the two 
forging  temperatures used i n  this study, the higher  temperature ( 2 2 2 5 O  F) 
proved superior  to the low- temperature (2100' F) . For example, the 
buckets  forged from 2 2 2 5 O  F and aged had more than three times the median 
Ufe of the  buckets  forged from 2100° F and aged.( lot  5 against lot 1). 

Further evidence of the superiority of  the  higher forging tempera- 
ture may be  observed i n  comparing the performance of  l o t s  6 and 4 .  Like 
l o t s  5 and I, l o t s  6 and.4  were forged at two different temperatures. 
However, subsequently  they  both  received  identical  high-temperature 
solution  treatments and aging. While the solution  treatment impraved the 
performance of  both  lots over  groups 5 and 1, the buckets  forged a-he 
higher  temperature s t i l l  showed performance superior to  the  buckets forged 
a t   t h e  lower temperature ( l o t  6 better than lot 4) . 

The relative effectiveness of t k  two solution  treatmenta may be 
discerned by comparing the performance of lo t s .  1, 2, and 4 .  The perform- 
asce of lot 2 buckets  (solution-trested at 2150° F) was superior to-that 
of the   lo t  1 buckets  (not  solution-treated) . An even greater improvement 
i n  performance was obtained -e l o t  4 buckets, which werao lu t ion -  
treated a t  2275' F; howeve, the aging treatment  following the high- 
temperature solution  tr"tmentdiffers slightly from that following  the 
low-temperature solution  treatment. Although it might- be argued that- 
this   dif ference  in  aging could  account for the improvement i n  performance 
at t r ibuted  to   the high-temperature  solution treatment, the  authors believe 
that  the  solution  treatment has a far greater  influence an the stress- 
rupture  properties of the material than  the  interposed 2000° F aging 
treatment; and, on this assumption, it is concluded that the-high- 
temperature  solution  treatment is preferred. 
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To appreciate   ful ly   the  potent ia l i t ies  of Inconel 700, it is  worth- 
w h i l e  t o  compare i t s  performance with that  of materials that a re  now 
commonly used in j e t  engines. One of the  materials commonly used i s  
5-816. In a 533-9 engine (similar  to  that  used f o r  the  investigation 
reported  herein)  operated under cyclic  conditions a t  1500° F, the average 
life of S-816 buckets ranged f r o m  148 t o  345 hours ( re fs .  4 and 5) .  In 
comparison, the best  lot of Inconel 700 buckets operated a t  125O F higher 
temperature (1625O 3') f o r  mre than 447.5 hours. Thus, t h i s  material 
should be suitable f o r  use  i n  engines  designed for  advanced-temperature 
operation. 

Metallographic  Studies 

Metallographic s tudies  of the buckets offer  some assis tance  in  under- 
standing the effects  of the different forging  temperatures and solution 
treatments on t h e  bucket performance. The microstructures of as-forged 
buckets, even those  forged from a temperature of 222.5' F, showed evidence 
of cold-working i n   t h e  form of elongated  grains ( f igs .  9( a) and (e) ) . 
More severe  grain  elongation was present  in the buckets  forged from a 
temperature of  2100° F, indicating that these buckets  received a greater 
degree of cold-working. 

Solution-treating  the buckets at e i ther  temperature ( 2150° o r  2275' F) 
removed a l l   t h e  v i s u a l  evidence of cold-working irrespective of the  
forging  temperature. This does not  preclude the possibil i ty,  however, 
that some deleterious  effects that may result from the cold-workbg would 
s t i l l  remain i n   t h e  buckets. 

The microstructural  studies did not  reveal any general  matrix  precip- 
f t a t e  of the  principal hardenin@;  phase after the aging treatments. How- 
ever, wfth engine operation o r  w i t h  additional aging, the evidence of 
precipitates becomes plainly v i s i b l e ,  and i n  some cases the  precipitates 
agglomerated. The presence of the precipitates did not  cause any signif- 
icant change i n  the  hardness. 

The unusual form of the  precipitates and microstructural  conflgurations 
shown in   f igure  11 could not be re la ted   to  the performnce of any of the 
groups of buckets. 

Bucket ELongation 

Actual measurements at various times during t he  t e s t  showed that the 
maximum bucket  elongation  never exceeded 1.22 percent  (table III). This 
value is comiderably below the 3 t o  16 percent shown i n  table N, w h i c h  
had been  obtained from the atress-rupture  tests.  This low elongation 
(1.22 percent) might imply that the  material may be b r i t t l e  under engine 
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operating  conditione' however, factors  other  than  pure  centrifugal  stress 
(e.@;., fatigue,  etc.3 . m a y  reduce the  final elongation and creep rate of 
the buckets. This low elongation i s  not unusual; it has been  noted i n  - 
other  engine  evaluations with different  al loys (refs. 6 and 7 ) .  

Hardness 

The evidence of cold-working observed  metallographically i n  the ae- 
forged and aged buckets may also be substantiated by the hardness results 
presented i n  table  V. The hardness  of the  as-forged and aged buckets was -4 I" 
significantly greater than that of the solution-treated and aged buckets. 
The greater  hardness  probably  results from the  internal  stresses that 
w e r e  introduced by the cold-working during forging  but  not  relieved  during 
the aging treatment-.- . .  .. 

Grain Size 

A re la t ion between grain  size  and engine performance was noted; 
that is, engine-performance improved as grain  size  increased.  Since  the 
grain  size  increased as the temperature of the solution  treatment in- 
creased, it cannot be determined whether the improved engine  performance 
resulted  directly from the  larger  grain  size-or whether the apparent 
effect- was purely  coincidental. 

Failure Mechanisms 

Experience has shown that factors  other than centrifugal  stress  act 
on the  buckets  during  engine  operation and may lead to bucket failure. 
In previous  investigations,  vibratory  stresses have been shown t o  be of 
considerable  importance i n  reducing  bucket U f e  i n  533 engines (refs. 1 
and 7 ) .  Reduction i n  U f e  may sometime8 be as much RS 70 t o  90 percent 
of the predicted  l i fe  based on stress-rupture considerations  alone  (ref. 
1). Thermal fatigue may also become important in the J33 engine as the 
operating  temperature i s  raised:. However? periodic examinations of the 
buckets revealed -110 conclusive  evidence of thermal-fatigue damage. 

Often the mechanism of failure i n  a bucket  can be determined from the 
location of fa i lure  and the appearance of the fracture  surfaces (ref. 1). 
A simple stress-rupture failure will be  located near the critical c r o s ~  
section and w i l l  have a rough, intergranular  f'racture.surface. A simple 
fatigue failure frequently w i l l  be  located away from the cr i t ica l   c ross  
section a n d .  will have a transg&anuLar fracture with a:  concentric-ring  or 
conchoidal.  appearance. 



In this  investigation,  the  location of the  fractures illfLicat& that 
centrifugal  stress  alone could  not  account for  most of t h e  bucket fsfhres. 
Most o f  the  fractures  occurred i n  regions in the buckets where the  pre- 
d ic ted   l i fe  was several times the maxim predicted l i fe  st the critical 
cross  section. The occurrence of  indications of fatigue on a few buckets 
shows that vibrational  stresses w e r e  acting on the  buckets. These vl- 
brat ional  stresses would tend t o  decrease t h e  l i f e  of the  buckets and 
could  account for  the displacement of the fractures from t he   c r i t i ca l  
cross  section. 

Even n i th  the  possible  detrimental  effects of vibratory stress, the 
performance of the   best   lo t  of the  Inconel 700 buckets was good  comgared 
with the  expected l i f e .  The bes t   lo t  had operat& 447.5 hours w i t h  only 
one failure,  which is nearly 50 percent  of the predicted B f e  of 960 hours. 

The investigation  into the effect  of forgfng temperature snd heat 
treatment on the engine performance of Inconel 700 bucket disclosed  the 
following: 

1. Both the forging  temperature and the solution-treating terqperature 
significantly  influenced  the performance of Inconel 700 buckets. Best 
resu l t s  were obtained with a combination of high forging and high  solution- 
treating  temgeratures. 

2. O f  the two forging  teqeratures used i n  this study, the higher 
temperature (2225' F) proved superior t o  the lower temperature (21000 P) . 
The median l ives  of buckets were approximately 240 hours f o r  those forged 
at  the  higher  temperature and 70 hours for  those forged at the l ower  
t eqe ra tu re .  

3. Of .the two solution-treat-  temperatures used i n  t h i s  study, the 
higher   teqerature  (2275' F) proved superior t o  the l o w e r  temperature. 

4 .  The better  than 447.5-hour performance a t  16S0 F for   the best l o t  
of Inconel 700 buckets  indicated that this material should be suitable for 
use in  engines  designed for  advanced-temperature operation. In comparison, 
the average J33-9 engine l i f e  of 5-816 buckets ranges f r o m  148 t o  345 hours 
a t  1500° F. 

5. The microstructures of the as-forged  buckets, even those forged 
from a temperature of 2 2 2 5 O  F, showed evidence of cold-working in the 
form of elongated  grains.  Solution-treating  the  buckets st ei ther  
t e q e r a t u r e  (2150° o r  2275O F) removed a l l  the visual evidence of the 
cold-working irrespective of the  forging  temperature. This does not 



12 - NACA RM E57K14 

preclude  the possibility that some deleterious effects  that rnay result 
from the cold-working would still remain i n  the  buckets. 

Lewis Flight  Propulsion Laboratory 
National Advisory Committee for  Aeronautics 

Cleveland, Ohio,  November 15, 1957 
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TABLE I. - FORGING TEMPERATURES AND HEaT TREATMENTS USED I N  

PRODUCING INCONEZ 700 TURBINE BUCKETS 

Lot 

1 

2 

3 

4 

5 

6 

Forging 
temper- 
ature, 

OF 

2100 

2225 

Solution  treatment 

ature, 

"" I -  

2275 1 2 
Furnace-cool to 
2175, air-cool 

I 
"" I -  
2275 I 2 

Furnace-cool to 
2175, air- cool 

Preliminary aging 

I I I 
I 

%uckets  given an additional  treatment after finishing - a heat- 
treatment at  1600° F fo r  7 hours. This treatment w a s  intended t o  
stress-relieve  the  surfaces of the materials, and to crack any 
buckets  that had high  residual stresses. Two buckets  cracked  dur- 
ing this heat  treatment and they w e r e  discarded. 
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TABLE 11. - ORDER OF FAIUIRE, ORIQIN OF FAILURB, AND FAILURE TYPES OBTdINED 

W I N O  ENH(f1NE  OPERATION OF INCONGL 7 0 0  BUCKETS 

3 

hr 

(median) 

69.2 

i 
73.1 SR 

96.5 SR 

115.2 

147.2 

SR 1so. 8 

SR 

median) 
-"- 

163.6 Damage 

166.8 SR 

289 - 5  SR 

r447.5 Uifailed 

105.3 SR 

116 .O 1 SR 

nedlan) 
117.4 "" 

118.8 SR-C 

368.0 

Location of 
failure w l t k  
reference tc 

base and 
cages, 
(0) 
in. 

+ W.C. 

2& M.C. 

2; L.B. 

L.E.  

$ L.E.  

3 L.E. 

+ L.E. 

g L.X. 
z$ L;E. 

g L.E. 
2g L.X. 

3 L . E .  

3 L.E. 

4 L . E .  

4 L . E .  

& L.B. 
3 L.E. 

23 L.E. 

2$ L.B. 

Time to 
fa1 lure, 

hr 

'163.6 

245.2 

276.2 

276.2 

365.8 

411 .E 

(median) 
421 .O 

,447.5 
5 bucket6) 

195.2 

2u. 5. 

214 -0 

216.0 

227.5 

233.8 

238.2 
(median) 

242.5 

246 .a 
248.5 

25025 

258.2 

280.2 

105.0 

3 buCketE) 
2447.5 

( medl an) 

.Baaed upon macro-examination. 
' W i  - Streas-rupture. 
SR-C - Streee-z%pture  cracks (bucket didnot fiaa&re); 
SR+F - Stress-rupture follotred by fatigue. 

2-& L.L. 
3 L.B. 

L . E .  

L.E. 

4 H.C. 

1$ T.E. 

2 T . E .  

1 

1 

T.E. 

T . E .  

1; T.E. 

2 E.E. 

.. 
lL T.E. 8 

li T.E.  

1 g  T.E. 

2 T.E. 

4 L.E. 

. . .  

0L.E. - Leading edge. 
M.C. - Midchord 
T.E. - Tralllng edge. 
kmltted In determining  median. 
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I 4217 I I 

Lot number 

Time of last 
reading, hr 

Percent 
elongation 
at  position 

4 

1 

65.0 

2 

99.2 

T 
1 99.2 - 

8 . 2  

<. 2 
c.2 

<.2 

I 

3 

EO. 0 

43.2 

.zl 
<.2 

.44 

T 5 4 zq" 354.2 

T 6 

354.2 

. . . . . . . . . .. 
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TA3U IV. - STRESS-Rum LIFE OF INCONEL 700 BUCKET 

Lot 

SPECIMENS AT 1600' F 

30 , 000 

L i f e ,  
hr 

36.9 

49.7 

b74.3 

51.9 

86.3 

I Stress,  psi 
c 

25,000 

length, 

b83.6 8 

126.0 16 

554.0 -- 
219.0 -- 
262.3 10 

20,000 

L i f e ,  
hr 

168.3 
b217. 8 

399.9 
-337.3 
c>5 60.0 

b72. 2 
568.0 
364.8 

1397.5 
237.7 

%age marks obliterated. 
bSpecimens may have been tes ted under a bending moment. 

dApproxima.te reading; specimen bent. 
eMeaninglessj excessive grain  separation. 

C Specimens slipped from grips a t t ime  noted. 

1 
1 
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Lot 

1 
2 
3 
4 
5 
6 

TABLE V. - HARDNESS OF INCONEL 700 BUCKETS BEFORE 

AND AFTER OPERATIOR IN -3-9 EITGINE 

hockwell A hardness was taken and converted to 
Rockwell C. 1 

~~~ 

&-received  First   failure Last  failure I ~~ ~ ~~~~ ~ 

hardness hardnes s hardness 

Ro Ck- 
well 

A 

68.8 
66.0 
66.0 
66.6 
68.2 
65.2 

Rock- 
W e l l  

C 

36.6 
31.0 
31.0 
32.2 
35.4 
29.4 

!Erne 

A rated 
w e l l  at 
Rock- 

speed, 
hr 

65.0 69.0 
73.1 68.3 
105.3 

66.3 105.0 
69.0 195.2 
65.7 245.2 
66.5 

Rock- 
w e l l  

C 

37 -0 
35.6 
32.0 
30.4 
37.0 
31.6 

Time 
at 

rated 
speed, 

hr  

69.2 
289.5 
368.0 
421.0 
280.2 
e"" 

T m  VI. - GRAIN SIZES 

Lot ASPM grain s i z e  

5 t 0 6  
o t o 3  
o t o 3  
-1 t o  2 
1to4 

-2 to 1 

rl w e l l  w e l l  

17 
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Solut ion-treatment  temperature, 9 

Figure 1. - Effect  of 6olution.treatment and-aging on the  rupture l i f e  of 
Inconel 7 0 0  at .  1600° F and 25,000 psi ,  and-ef fec t  of solution-treatment 
temperature on grain size .  . . .  

. . . -. . . . . . . 

W A  RM E57Kl.4 
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Figure 2. - Centrifugal-atresa an& aidchord-temperature  distributions 
rpm) In J33-9 turbojet engine. Total alrfoll length, 4 inches. 
in  Inconel 700 turbine  buckets during rated-apaed operation (11.500 

Figure 3. - Predicted engine life of lot 2 and lot 6 buckets.if 
centrifugal stress and temperature  were the  only factors  cauaing 
bucket  failure. 

19 
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Leading 
edge 

Cr i t ica l  

= O n e Y  

1 1/2" 
1 I i 
+i 
T-t 
1 

+ 
2 

+ 
1 
+ 

Positiom 

- + Trailing 
edge 

4. - 

I 
Location of elongation gage lengths in  J33-9 blade. 
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Trailing 

Ll"" Metallographic 
specimen, 1/8" 

Figure 5. - Metallographic and stress-rupture specimens and the zones from 
which they were obtained. 
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Type of fai lure Bucket 
in 
wheel 

Solution Aging 
aging treatment treatment treatment 
Post-finish 

Temper- Time, Temper- Time, 
hr 8tureJ ature, br atwe, hr 

'Pime, Ttmper- 

9 9 OF 

0 Stress-rupture 
6 Stress-rupture  followed by fatigue 
0 Damage 

I Buckets 
phat had 
not  failed 
when teat  
waa dls-  
continued 

Number $ of 
tota l  

1 Median l i f e  
7 

7 

- 
- 
- 

7 

9 "" - leal 4 

2150 2 1600 4 

. .  . 

2275 2 2009 1 
Furnace-coal Air-coo re- 
to 2175' F, age 1003 % B, 
air-cool 4hr 

"" - 1600 4 

1600 

1600 
I 

Test  discontinuedl 
a t .  447.5 h r  I 

I 
I 
I 
I 
I 

8 

Lot; 

1 

2 

3 

4 

5 

4 

12 

12 

9 

0 

1600 7 

1600 7 

0 
5 41.7 

0 

air-cool 

81 88.9 
0 100 200 300 400 500 

Time at  rated apeed,  hr 

Figure 6 .  - Effect of forging temperatures and solutlon treatments on performance of Inconel 700 turbine  buckets in 
a J33-9 engine at material temperature of 16250 F. 
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- 

" 

heat-treated similarly t o  lot 6 buckets - 

10 
20 40 60 100 200 300 400 600 1000 2 

Life ,  hr 

Figure 7. - 1600° F Stress-rupture life of Inconel 700 specimens  taken frqm a i r fo i l s  of buckete. 
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ut 1 Lots 2 or 3 
Figure 8 .  - Comparison of wain sizes of macroetched buckets. 
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(f) 6. 
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L . 
(b) Lot 2. 
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F3gure 12. - "pica1 mfcrostructure of failed buckets. (Lot 3 
bucket operated 421 hours .) Ctrighal magnification, 

35 
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Figure 13. - -1-ation of p c i p i t a t e s  in a fa i led  
bucket. Original magnification, v50. 
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NACA - tangley Fleld, Va. 




